A simple interrogation technique is presented which relies on a characteristic specific to saturated fibre Bragg gratings (i.e. gratings where most of the energy at the Bragg wavelength has been reflected prior to the incident light reaching the far end of the grating). In this regime, when the grating is illuminated by a broadband source a change in pitch within a region of the grating will result in the emergence of reflected energy in other spectral regions without significant loss in power from the main Bragg peak. Hence there will be an increase in the overall integrated power reflected from the grating, which is a function of the degree of strain gradient experienced by the grating. This allows the degree of strain gradient to be directly converted to an intensity measurement without the need for an optical filter. Because environmental temperature effects would generally not be localised along the short physical length of the grating, any temperature changes will typically shift the reflection spectrum in the wavelength domain rather than alter the amount of reflected light, which renders the measurement effectively temperature-insensitive.
INTRODUCTION
The measurement of in-service strains is a well-established practice for assessing structural health and scheduling the maintenance of a wide range of civil, industrial and military structures [1] . It has traditionally been dominated by electrical resistance foil gauges located in critical areas as identified by finite element modelling or statistical analysis of the structure. Such measurements are capable of tracking the load history of the structure as well as providing an indication of any decline in structural integrity or development of damage.
More recently, optical fibre Bragg gratings have generated significant interest for the measurement of strain in situations where the properties of optical fibres provide an advantage, such as in electrically sensitive environments or where a multiplexing capability is required [2] .
Fibre Bragg gratings (FBGs) typically reflect light over a narrow wavelength range and transmit all other wavelengths. They are based on the principle of Bragg reflection, where light propagating through periodically alternating regions of higher and lower refractive index is partially reflected at each refractive index interface. If the round-trip spacing between these regions is an integral number of wavelengths, then each of the partial reflections will add-up in phase and the Bragg condition is satisfied. This results in a narrowband reflection at the phase-matched wavelength. The total reflection under these conditions can approach 100% [3] .
N
The Bragg reflected wavelength λ B is related to the grating period by λ B = 2nΛ, where n is the effective refractive index of the fibre and Λ is the period of the grating. Uniform changes in axial strain along the fibre will change the period of the index modulation and result in a shift of the reflected Bragg wavelength in proportion to the axial strain. This shift can be measured directly using an optical spectrum analyser or similar wavelength scanning measurement device. However this apparatus tends to be bulky, delicate and expensive with a limited frequency response [4] . An alternative approach involves converting the wavelength change to an intensity change with the use of an optical filter (often another Bragg grating) [5] [6] [7] . The advantage of these types of systems is that the detection apparatus is low-cost and more portable and the response is high-speed; however, the strain range is limited by the spectral width of the filter. Both methods are subject to thermal interference, unless measures are taken to correct the Bragg wavelength shift for changes in ambient temperature [8, 9] .
Typically FBGs which experience a strain gradient along their length exhibit a spectral broadening of the reflection spectrum which is a function of the induced variation in grating pitch [10] . Usually the total amount of reflected energy is preserved and hence any broadening of the reflection spectrum results in a corresponding decrease in the peak energy. However, in the case of saturated gratings this conservation of reflected energy does not apply. This is because practically all of the light at the Bragg wavelength is reflected before reaching the far extreme of the grating. If this grating experiences a change in pitch somewhere along its length, then some of the energy at the initial Bragg wavelength can be transmitted deeper into the grating, while other spectral components are now reflected at this point. This means that more energy is available for reflection from the far end of the grating, which previously made little contribution. Consequently there will be additional power reflected in other spectral regions without a significant reduction in the amount of power in the main reflection peak. This paper describes an optical fibre sensing technique that exploits this property of saturated FBGs for temperature insensitive monitoring of localised strain concentrations.
SENSOR FABRICATION, PACKAGING AND INTERROGATION
Single mode optical fibre (SMF-28) with a 25 μm polyimide coating was used for the Bragg grating sensors. In order to minimize surface flaws on the glass and maintain the strength of the optical fibre it was chemically stripped using a heated concentrated sulphuric acid bath prior to hydrogenation. The gratings were fabricated using a standard phase mask exposure technique [11] . For the crack detection application they were fabricated to be 5 mm long with a Blackmann-Harris apodisation profile, for the case of the scarf repair disbond detection they were 2 mm long with a Sinc squared apodisation. Both grating designs had a reflectivity of at least 25 dB. To address some of the issues associated with ease-of-handling and strain transfer for the fibre grating sensors, a package was developed which encases the optical fibre in a nylon tape impregnated with an epoxy resin designed for aerospace composite applications. The tape is cured under vacuum at 175ºC resulting in a lightweight, flexible tape which can be fabricated in a variety of widths, thicknesses and lengths to suit the application. All components of the sensor and packaging are designed to withstand sustained temperatures of up to 130ºC. Samples of this tape with embedded FBGs were bonded to a number of aluminium test coupons as shown in Figure 2 .1(a).
The tape was bonded to the aluminium specimens using a similar process and materials to that currently employed for the application of standard electrical resistance foil gauges. The strain response of both the FBG tape and a foil gauge colocated on the opposite side of the specimen are compared to theoretical predictions are shown in Figure 2 .1(b) and demonstrate the effective strain transfer of the packaging and bonding process. A second re-useable adhesive was also trialled to adhere the tape to the specimen surface; this method allowed the sensing tape to be easily removed and reused. As expected this method of adhesion gave significantly reduced strain transfer to the grating, however as this particular sensing approach is essentially qualitative rather than quantitative it may be appropriate for short-term applications where the environment permits and the cost of the sensor is a factor. To compensate for source fluctuations 1% of the source was tapped off using a fibre optic coupler and monitored using a reference photodiode. The remaining 99% of the light was transmitted to an FBG embedded in a composite tape as outlined in the previous section. The reflected intensity from this grating was recorded using a second photodiode referred to as the signal photodiode. The input from both photodiodes was converted to a photovoltage and amplified before being passed to a two channel data acquisition system which recorded both inputs in real time. The data is post-processed by taking a ratio of the two channels to provide a signal output which is compensated for source fluctuations. 
EXPERIMENTAL VALIDATION

Crack detection
Cracking is considered one of the most common mechanisms for fatigue-related structural failure in metals and usually results in a localised strain concentration in the vicinity of the crack. In order to determine the effectiveness of this type of sensor and interrogation technique for detecting crack growth, a series of Al 7075 pre-notched specimens was subjected to low-frequency cyclic tensile loading to initiate crack growth from the notch tip. Twenty specimens with dimensions of 220 mm x 70 mm in two different thicknesses (1.6 mm and 3.2 mm) were tested. Each specimen had a 6 mm long machined side notch along the long edge. The packaged FBGs were bonded to the specimens with the optical fibre running parallel to the long edge of the specimen approximately 20 mm from the notch-tip as shown in the insert of 
Thickess (mm)
Fmin ( The specimens were loaded in tension using a 50 kN mechanical test machine as shown in Figure 3 .1. Sinusoidal loading at frequencies ranging from 5-10 Hz was applied. Table 1 shows the loading forces for each specimen thickness. The specimens were also statically loaded prior to fatigue cycling and at regular intervals of 1000 cycles. At each static load the refection spectrum from the Bragg grating was measured using an optical spectrum analyser to characterise the grating response to strain for the intact case and as the crack grew towards the sensor. The crack length was measured at each cycle interval under load using a micro gauge which was bonded to the specimen immediately below the notch as shown in the insert photograph of Figure 3 .1. Figure 3.2(a) shows the reflection spectra from the grating on a representative specimen as a function of applied load prior to the initiation of the crack. As expected, for the intact specimen there is no significant increase in spectral power or change in profile under the different loads which indicates that the tensile loading does not induce a strain gradient in the structure. There is a shift in the Bragg peak wavelength which is linearly proportional to the applied load. As the cyclic loading progresses, cracking initiates from the notch tip and Figure 3.2 (b) shows the change in reflection spectra as a function of the crack length under zero load. This data shows that as predicted there is a broadening in the grating reflection spectrum without any substantial decrease in the main Bragg reflection peak as the crack grows towards the sensor. The amount of reflected power is a function of the proximity of the crack tip to the FBG sensor. One specimen has a permanently bonded FBG sensing tape, the other specimen has a removable sensing tape. Both tapes contain FBG's of similar design. A crack length of 20 mm indicates that the crack has reached the sensor position. Each specimen shows an increase in reflected intensity as a function of crack length, however the distance from the crack tip at which the sensor begins to respond is significantly reduced for the case of the removable sensor and the amount of reflected power is also reduced. This is to be expected due to the reduced strain transfer properties of this adhesive. For both methods of adhesion, the amount of reflected intensity (and hence the degree of strain gradient) is increased when the specimen is under load as the crack will open and induce a larger strain gradient. However the sensor does also respond under zero load, although in this case the sensor has to be a lot closer to the crack-tip. This result is significant as it indicates that there is a strain gradient induced by the crack which is present even in the absence of any applied load (probably due to the plastically deformed region with precedes the crack-tip) meaning structures can be continuously monitored for cracks without a requirement for in-service loading. However the results also indicate that the sensor has to be located in close proximity to the crack as the induced strain field is highly localised. Using these results a simple system for crack detection can be designed using three basic states to infer the health of the system as outlined in Table 2 . Under normal operating conditions the system will return a baseline signal which is representative of the healthy structure; any operational loading should not affect the reflected intensity from the sensor under these conditions. If there is a loss of optical power from the sensor this implies that there has been a failure in one of the components of the sensing system. If the sensor indicates a significant increase in reflected power (beyond a threshold level which may depend on the application) this is indicative of the emergence of a region of localized strain concentration which was not previously present and suggests the appearance of a crack in the region surrounding the sensor.
Results
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Scarf repair disbond detection
Scarf joints are commonly used in aircraft structures, particularly for structural repairs. The integrity of the bondline is vital for the load carrying capacity and fatigue performance of the joint and even a small disbond must be identified and treated in order to maintain safety. Under load there is a significant strain concentration at the tip of a scarf repair, making it another potential application on which to trial the sensor. Contrary to the crack detection application where any increase in detected intensity implies the emergence of a region of stress concentration associated with a crack, for this case a reduction in signal intensity would imply the relaxation of a previously existing stress concentration, and hence initiation of a disbond at the tip of the scarf repair .
The experimental test specimen was a bonded carbon/epoxy scarf joint. The sensor system was validated on a series of six scarf joints constructed using Cycom 970/T300 carbon/epoxy prepreg tape with a quasi-isotropic lay-up of [45 0 -45 90] 2s . The scarf regions were machined using a computer numerically controlled router and bonded with FM73 epoxy film adhesive. The overall dimensions of the specimens were 250 mm x 25 mm x 3.2 mm. Further details on the predicted strain distribution at the tip of the scarf repair using FEA and the modelled grating response under loading are given elsewhere [12] .
The gratings were surface-mounted on the top surface of each repair specimen using epoxy adhesive and the transmission side of the grating was fusion spliced to an angle-polished connector to minimise broadband backreflection. The gratings applied to each coupon were 2 mm long with a Sinc-squared apodisation profile and had a reflectivity of at least 25 dB. The bondline of the scarf joint was painted with a white indicator coating to provide an independent visual measure of the degree of crack growth. Once full cure of the adhesive had been achieved, the specimens were mounted in a 50 kN mechanical test machine.
The specimens were loaded in tension from 0 to 10 kN in 1 kN intervals and the reflection spectrum was recorded at each loading using an optical spectrum analyser. The response to loading was calculated by integrating the area under each spectrum. This analysis was repeated at an elevated temperature (50 °C), which was achieved using halogen heat lamps. The surface temperature at the specimen was measured using a thermocouple that was placed in direct thermal contact. After characterisation of the grating response, cyclic loading was applied to the specimen at an amplitude of 12 kN and frequency of 2 Hz to induce fatigue failure of the scarf joint. This process was repeated for all six specimens. The specimens were loaded until there was no further response from the sensor to cyclic loading (i.e. the disbond had grown fully under the grating, which reduced the level of strain transfer to the sensor). This point occurred between 50,000 and 100,000 cycles depending on the specimen.
Results
The reflected power from the grating (as calculated by integration of the spectrum from the optical spectrum analyser) for a representative specimen is shown in Figure 9 as a function of applied load. The optical power response to applied load at both temperatures is consistent, confirming the relative temperature insensitivity of the measurement. The monotonic relationship between reflected power and applied load implies that this simple sensor arrangement can provide qualitative monitoring of the integrity of the scarf repair. Figure 10 shows a sequence of 2 second intervals from the output signal of the photodetector, plotted after every 5,000 cycles during the 12 kN cyclic loading. The amplitude of the signal can be used to monitor the actual condition of the bond. The different steps of the disbond growth depicted in the graph as sections I to VI are interpreted as follows, using crack growth in the indicator paint as a confirmation: I: intact II: first sign of disbond initiation but no significant decrease in intensity III: continued disbond growth with decreasing intensity IV: disbond has grown substantially under the grating with low intensity V: disbond has grown almost fully under the grating with very low intensity VI: disbond growth has fully passed under the grating When complete load shedding has been achieved there is still a -0.5 V signal from the photodiode, which allows the bond failure to be distinguished from a sensor failure where there would be a null signal. After indication from the sensor that the disbond had reached 2 mm, the specimen continued to carry load for some time before final failure. This shows that the monitoring system is effective and can provide advance warning of an impending structural failure when the structure is subjected to a characteristic loading condition. 
CONCLUSIONS
A novel interrogation technique has been presented which exploits the unique reflection properties of saturated Bragg gratings. The approach relies on the fact that the amount of total reflected energy increases for saturated gratings which experience a change in pitch profile. This means that the emergence (or disappearance) of a region of localized strain concentration can be inferred directly from an intensity measurement without the need for an optical filter. The approach is temperature insensitive as ambient temperature changes apply globally to the grating and do not produce any local change in pitch.
Two potential applications were investigated using this sensing approach; the detection of cracks in metallic coupons and disbonds in scarf repair joints. For both applications the sensing approach gave a clear indication of the evolving damage. In the case of the scarf repair, testing was carried out during thermal cycling and confirmed the relative temperature insensitivity of the measurement.
While these results show the merit of this approach for certain applications, it should be noted that this technique is a qualitative rather than quantitative approach to structural health monitoring. In addition the localised nature of the sensor means that it would be best suited to locations that have been already identified as likely sites for damage initiation. Cracking and corrosion are considered the most common mechanisms of structural failure in metals. Delamination and debonding are also common failure mechanisms in composite structures. There are many non-destructive techniques available to detect for these failures, however these techniques usually require the structure to be taken out of service during inspection. Structural changes due to corrosion, cracking and delamination often result in regions of stress concentration. The sensor described here could be located in these "critical" areas and monitored in real time using lowcost interrogation equipment. Any increase in detected intensity would imply the emergence of a region of stress concentration that was not present initially and merit further investigation of this area. Alternatively, a permanent reduction in signal intensity would imply the relaxation of a previously existing stress concentration, as is the case for a scarf repair joint disbond for example. Consequently this sensor may offer a robust and affordable solution to structural health monitoring in many applications of practical interest.
